Free-fall experiments to test the weak equivalence principle are in progress at the drop tower in Bremen. The differential acceleration of two test masses made from different materials is being measured by means of a superconductingquantum-interference-device-(SQUID-) based sensing technique. These pseudo-Galilean tests are aimed at determining the Eötvös ratio to an accuracy of better than 10 −12 . The free-fall height of the experimental capsules is 110 m, translating into an experimental time of about 4.5 s. The SQUID-based sensing system guarantees a high measuring resolution of 10 −12 m Hz −1/2 for the relative positions of the test masses.
Introduction
Experiments to carry out tests of the weak equivalence principle (WEP) in the laboratory may be classified into two groups:
(a) torsion balance and pendulum experiments; and (b) free-fall (Galilean-type) experiments.
Torsion balance experiments carried out by Su et al [1] achieved an accuracy for the Eötvös ratio (1)
where m g and m i are the gravitational and inertial mass, and the indices 1 and 2 are related to two test masses of different composition. The result of [1] is still, at the time of writing, the best 'proof' of the WEP. And although Galilean-type experiments might seem to be the easiest way to prove the WEP, only accuracies poorer by two orders of magnitude than the foregoing could be obtained in the best free-fall tests, as performed by Kuroda and Mio [2] , using absolute gravimeters. The reasons for the limited performance of these tests are obvious.
(a) Although the differential position as a function of time of two freely falling test masses is observed, the measurement is absolute in the sense that the unavoidable time delay between the release of both test masses at t = 0 will cause a displacement s ≈ g E t, where g E is the Earth's gravitational acceleration. This error can be two orders of magnitude greater than the expected signal due to a WEP violation-for a target limit of η 10 −12 . (b) The short experimental time of only 0.3 s yields a very small gravity-dependent relative shift of the displacement of the two masses.
Therefore, the main requirements of a high-precision free-fall test are: a long experimental time, the use of very sensitive displacement or acceleration sensors, a low thermal and mechanical noise environment, and really free test masses falling frictionlessly, that are both optimized in shape and have their centres of mass coincident at the start of the free-fall. The Bremen drop tower provides optimal conditions to satisfy these requirements: experiments can be carried out, inside capsules weighing up to 550 kg, under conditions of weightlessness during the available 4.74 s of free-fall, the free-fall being within a highly evacuated drop-tube measuring 110 m vertically. These conditions reduce the residual disturbing accelerations to 10 −5 m s −2 in the frequency range below 100 Hz. A further reduction of disturbing accelerations and micro-seismicity down to ∼10 −7 m s −2 is achieved by means of a specially designed free-flying platform located inside the drop capsule [3] . The experimental apparatus consists of a liquid helium cryostat fixed onto the free-flying platform, a vacuum chamber inside the cryostat, and the magnetically shielded test masses falling freely within the vacuum chamber. The very high-precision measurement of η will be achieved by using a direct differential measurement technique, which employs superconducting pick-up coils coupled to a superconducting quantum interference device (SQUID) detector [4] . In a similar configuration a displacement resolution of s = 4 × 10 −14 m Hz −1/2 , sufficient for our experiment, has been reported [5] .
Experimental set-up

Free-fall experiments
The experiments are being carried out in close cooperation with the Institute of Solid State Physics of the Friedrich Schiller University (FSU), Jena, Germany. The test masses of different composition (lead and aluminium) are hollow cylinders aligned along their vertical axes so as to place their centres of mass (CM) at the same point. An initial displacement between the test masses, caused by the release procedure, would lead to a differential acceleration existing between them, due to the Earth's inhomogeneous gravitational field. This effect could mask a possible material-dependent, WEP-violating, differential acceleration by orders of magnitude. Therefore, in the ideal cylindrical configuration, both cylinders suffer the same acceleration due to the Earth's gravitational field, and their mutual attraction is zero. Both test masses may be adjusted in position with an accuracy of 1 µm by coils located at the top and bottom of each test mass. After positioning, which consumes a time of only 0.5 s, the test masses are released by shutting-off the positioning coils. The vacuum inside the experimental chamber is needed in order to minimize mechanical noise due to Brownian motion; the resulting drift velocities of <10 µm s −1 are small enough for drag effects due to the residual helium gas pressure to be to neglected. Superconducting cylindrical meander-pattern coils surrounded by the superconductor-coated test masses levitate them in the plane perpendicular to the cylindrical axis. Levitation is based on a special property of superconductors, the Meissner-Ochsenfeld effect. Figure 1 shows the newest configuration of the apparatus for the drop experiments, developed at the FSU. SQUIDs sense the relative displacement of the test masses through an inductance change with ultra-high precision. Therefore, a pair of pick-up coils, wound in series opposition, is placed on either side of a thin superconducting belt on each test mass. Any small movement of the test mass results in an output signal of the SQUID.
Each test mass acts as a superconducting tuning slug, which is capable of changing the inductances of the pick-up coils placed in front of the upper and lower surfaces of the cylindrical test masses. In the initial position a persistent current has to be trapped, with a defined magnetic flux, into a superconducting input circuit. Subsequent motion of the test mass modulates the inductance of these pick-up coils and, since the magnetic flux in the superconducting input circuit remains constant, this forces an additional screening current through the pick-up circuit. This current causes an inductance signal in a SQUID coupling coil and is, therefore, detected by the SQUID. The sensor is described explicitly in [6, 7] , and so it will not be discussed further in this paper.
Laboratory tests
Besides the current drop tests, we also investigated important details of the experimental design using a ground-based experimental set-up. These investigations were aimed at finding an optimum design for the experimental apparatus. The main problem addressed in recent experiments was the magnetic bearing, and its influences on test mass movements. The meander-pattern coils create a repulsive force at their upper and lower ends. Therefore, we need a coil structure that causes only small restoring forces in the sensitive direction, and that also produces almost no losses by eddy currents when the test masses move. In addition, the pre-tests allowed investigation of whether the various coatings used in the apparatus were adequate for the experiment.
The superconducting bearing serves as a guide for the test masses and centres the test masses in the horizontal plane, yet lets them move freely along the vertical axis. This is achieved by a meander-like pattern [8] for the windings (figure 2). The test masses are coated with a 300 nm thick layer of niobium. To levitate the test mass a current is first fed into the superconducting bearing, and then shorted by a superconducting switch. The magnetic field of the persistent current is repelled by the superconducting coating of the test mass. In this way we obtain the desired repulsive force in the radial direction, and almost no force along the symmetry axis. For the testing of the bearing in the laboratory, i.e. on the ground, the experimental module has been rotated by 90
• , so that the symmetry axis lies in the horizontal plane ( figure 3) . Since under normal gravity the entire weight of the test mass has to be held against the Earth's gravitational field, we used a light, thin-walled test mass of 29 g made of niobium and niobium-coated aluminium. In our design the inner cylindrical test mass is placed inside of its superconducting bearing. The bearing itself consists of 18 strips, each with 25 windings of 0.1 mm NbTi wire with CoNi cladding, cast into a cylindrical aluminium former with Stycast 2850FT. With this bearing a minimum current of 5 A is needed to levitate the test mass. The Nb joints for the superconducting short limit the maximum usable current to 16 A. During experimental tests a current of 8-10 A is fed into the bearing to ensure contactless levitation.
The experimental module is contained in a vacuum chamber cooled down to helium boiling temperature, under atmospheric pressure, of 4.2 K. To cool down the experiment sufficiently inclusive of the test mass with its weak thermal contact to the supporting structure, i.e. to reach thermal equilibrium, we first need to fill the chamber with about 100 mbar of 4 He exchange gas, which then has to be pumped out to a pressure of less than 10 −4 mbar. In addition to the SQUID an independent inductive displacement sensor is mounted in front of the test mass. Though the inductive displacement sensor is not precisely calibrated at 4.2 K, it detects relative displacements with a resolution of about 50 nm. A lead foil wound around the vacuum chamber, and another outer lead cylinder, act as superconducting shields against disturbing magnetic fields. The whole liquid He bath and cryostat is mounted on a heavy marble base, incorporating simple vibration damping, and it can be tilted around a horizontal axis perpendicular to the sensitive direction of the test mass. An inclinometer is fixed at the top of the cryostat to measure the inclination-induced acceleration corresponding to the degree of tilt.
Because the usual wiring described in section 2.1 would be too sensitive for our experiment, due to the relatively large test mass displacements, and would cause many resets of the SQUID electronics, the SQUID loop was made less sensitive by using only one pick-up coil and a superconducting short instead of a second pick-up coil. The pick-up coil is a solenoid with 10 turns and a diameter of 11.5 mm, within which the test mass slides in and out (figure 2).
Results
The drop experiments show that the test mass positioning system attains an accuracy of ±1 µm. The initial drift velocities can be reduced below 10 µ m s −1 within only 0.5 s of the available free-fall time. And the SQUID-based sensing can achieve a resolution of 4 × 10 −14 m Hz −1/2 , which is orders of magnitude better than required. The residual acceleration acting on the experimental apparatus at maximum is 10 −7 m s −2 , which is even sufficient in terms of the experimental accuracy for a measurement of η with an absolute error of one part in 10 13 . Nevertheless, to date the measurements made during the current and recent drop tests attained an accuracy of only one part in 10 10 . The reasons for that are: (1) insufficient precision of mechanical machining of all the structural elements, and of the test masses; (2) influences of the magnetic bearing caused by wire roughness and edge effects; as well as (3) trapped flux. The following discussion of our laboratory experiments (see also [9] ) underlines these statements, and has led to a new experimental baseline discussed in section 4.
Investigation of the effects listed above was carried out systematically. At first we had to verify whether a measured SQUID signal really corresponded to a movement of the test mass and was not influenced by any other internally or externally varying magnetic fields. Therefore, the SQUID and the inductive sensor signals were observed simultaneously. Both signals show exactly the same characteristics during a test mass movement, except for a constant scale factor. The comparison demonstrates that the SQUID signal varies linearly over the displacement in the range of the motion of the test mass. After we had used the inductive sensor to calibrate the SQUID output voltage, we investigated the motion of the inner test mass as it floated freely inside its magnetic bearing.
A typical curve is shown in figure 4 , where the test mass has been levitated with a bearing current of 8 A. The cryostat was excited slightly, and the test mass was seen to oscillate around its equilibrium position with a natural frequency of 1.6 Hz. This shows that the bearing was able to levitate the test mass without any mechanical contact to its surroundings. However, there also exists a remarkable restoring force in the sensitive direction, which is exerted by the magnetic fields of the bearing current turning at the ends of the meanders. Unfortunately, in all of these ground-based measurements the influence of the pick-up current on the oscillations of the test mass was not detectable.
We also see an exponentially decreasing amplitude of oscillation which approaches a constant level after a few minutes, and which stays as long as we observe. The exponential decay indicates a dissipative mechanism proportional to the velocity of the test mass. The damping may be caused by the drag of residual He gas, by eddy currents in the CoNi cladding of the superconducting NbTi wires, or in the support structure, being generated by alternating magnetic fields due to the test mass motion. The large oscillations of the cryostat vanish after about 20 s but there are still small mechanical vibrations. Although after about 3 min they are out of phase with the SQUID signal and seem to excite the test mass. To determine the sensitivity of the measuring system we inclined the cryostat and measured the corresponding acceleration, the SQUID signal, and the position of the test mass, as a function of the pick-up current. The pick-up current I and the sensor's sensitivity x are related by [6] x ∝ 1 I .
(2) Figure 5 shows the SQUID voltage as a function of position and acceleration (inclination); the sensitivity of the SQUID system has been calculated from the slope of a linear fit of these curves.
The result of these calculations is shown in figure 6 which shows sensitivity as a function of pick-up current. It can be seen that, for small currents, the sensitivity is increasing with increasing pick-up current in accordance with theory. At currents of greater than 100 mA the sensitivity stays at a value of about 33 V mm −1 or 2000 V/g E , which seems to be a problem of insufficient test mass coating not able to carry the corresponding screening current. Although the entire Al-part of the inner test mass was covered with niobium, after several months some dark spots appeared on the surface indicating an inhomogeneous Nb-layer. 
New baseline and conclusions
The experimental results shown above indicate that the present experimental apparatus does not achieve an accuracy of η 10 −10 , which is still the best free-fall test result. The reasons for this limitation are the inaccuracies in machining, the manual fabrication of the complicated pick-up and meander-pattern coils, as well as the insufficiency of the niobium coating of the test masses, because their surfaces were too rough. In order to increase the accuracy substantially we need a machining precision of ±1 µm for both the test masses and the supporting structure. To avoid any influences due to eddy currents the supporting structure will be made from a ceramic material (ultra-low-expansion ceramics, ULE). Also, thin-film techniques will have to be employed to produce niobium layers of up to 1000 nm thick (instead of using wirewound coils), thereby enabling bearing currents of several amperes. For precise pre-release positioning of ±0.1 µm, electrostatic forces will be applied via electrodes surrounding the test masses. Figure 7 shows the new experimental design-presently under construction.
Mutual gravitational attraction can balance the differential acceleration caused by the gravity gradient in a small range, if the test mass shapes and sizes are properly chosen. Therefore, the design shown in figure 7 is optimized for one test mass pair only: an inner platinum and an outer silicon test mass. Any other test mass pair must be adapted appropriately. Compared with our present experimental apparatus, the absolute masses and dimensions of the test masses have become drastically reduced. The inertial masses are below 50 g and they can therefore be damped to rest more rapidly. All gaps between test masses and the housing, or electrodes, are only 0.2 mm.
Based on our results from the pre-experiments, an improvement of accuracy by about two orders of magnitude seems to be realistic. Then, the tower experiment could supplement the missions MICROSCOPE (Micro-Satelliteá Traînée Compensée pour l'Observation du Principe d'Equivalence) and, in particular, Satellite Test of the Equivalence Principle (STEP), and could also serve as a reference experiment enabling tests of systematic errors and unexpected deviations.
